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4 Flutter at :onia1eLm .ro'. .ic Forces

by

P. 3. Landa, and S. P. Strelkov

*Vi*)rationes of :an aircraft --.in&6 during fli ht should be cor~idcrAL a.3 vi*hratio"s

iii a caaplex het*3r oreneous vibrational s;'ste='%*ith diztriluted paraimetars. utquitle

often to reveal the nature of the flutter phenomna* or c~uto::citation-of elastic

vibrations of a wing in f liGht, are used sir-ilif ied sy~temnsfl.2Tj. One or s-uch sira,zle

arrigeaents is replacenent of tie .jim,3 by a thin riC~.d plate~elastic3lly factened so,

that it canl execute combined Obendia-torsioaaiQ vibrations,c-:sistino of progressive

vertical vibrations of the plate as a ringle inte!-ral and torcioral *Viratioar. of sfmiq

around a certain axis. At a prropcer selection of rr--meters ouch -in arrnncrx nt; does

quito well represent vibrations of th.-- righ"t wing tip of no zmdll aspect ratio. Am-

lynis of phenmna on such a3 simplified syLatem allows to e::amine the brsic laws --over-

sinG flutter and to obtatin a dependence of the criticnl v -loities up-on +:ae win a.n-

mic 1prumters of the w'ing:natural frecuencies of tha -.;ina zan-l the ria.-itude of *b.:.nd

betwen bendinr, and bucklin&O.

In a majority of existing e::perimcnts the flutter phenomencr. is investigated

in linear a;2roxiziatioaqwhich is valid at snall vibrations and at not hi,,t flight

speeds.If the speed of flilfqt is maVy times Greater than the speed of sound,then in

confority with the theory#] .31the aerodynamic *forces depend nonlinearly uccn the artele

of -ttack (IUetwton law) and this nonlinenr dependence has to be taken in-to ecasidera-

ti on.
At very high slipersonic speeds the tine b/v,..,:here b - !ing- chord, v-fli,-hIt

speed, will be inszignificaatly nnall in cexipariron vith thi :xri od of occillations T.

The ratio 'Y/T is Proportional to the StruldwILi nwnbor and ia the caae under conci.larn-

tion V~ry close to zcro, and conwzouently it can ba azt~,that it in ?or~issiblo
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to ozarlco the re.'Lult3 Of :;tationary thcoryobtin ed for a c6nstant in tiM. -.giCle of

attackc~for the case of variable unCle at vibrations. The bais of t*;-is as:=rstion, will

be e::plained belowe.

Analysis of ;.,inr. autoexcitation conditions -:ith the id of the ':bove cAc..cribed

ALpified scheme offe~rs the possibility of e::: lai;ine all bzsl-c features of the rheno'

*!enon co..ected with the nonlinear zature of lift/anfle of attach dependence.

ltnalyrtical solutioa of'the ,:-,ntioned problema i- ±u of the nonlinear nature of

equations is difficult and possible only in atDpo;-;_1tiozk.

In this re;ort are Civen results of studying ~nin-torasional. flutter of a win with

0:58tong lift with'the aid 'of an electron-ic r~elinC, ma'chine, typex .1I-7.

The obtainied dependence of critical fligh~t s:,ed, at wTich frlutter arrears, upon

wi:: p:.rareters -2nd initial perturbations~ is described., in noite of the fact that

*all meamre-wnts pertain only to qualitative description of phenmna, nonetheless it

can be assumed thvit the possible value of critical rate of flutter can be (!etc.r!Ained

theoretically appro::ixately with the sane accuracy, az it is d one for crrll veloci-*

ties in the caze of ap-plyinG the :3unov-Galerkin nethod 1113.

le Simplified arranCement for ztudyia,., bendinG-tor_-ional. vibrations of cantilever

secured winG is r-how:z in fi(c.l4_"uatiOns of vibration's of. zua~h a* zy ;temcv the form

whecre h 3 ii,.-L-ce .mnt of ads of rotation (ri~idity "::is),- anrie of rotation of

,ing around the ri,-idity axis, D-mss of v:ine, kl-e lasticity coefficicait of winc at

vcrtical diz-.lacesionts (bendinn, rigidity), c-elasticity coefficient at rotationi around

a~is (torsional riGidity of w:inS), 1-noment of ineurtia rclatiVo to rif-idityr o-is,

b-v:-.- chord,6b -c i3-anca from~r~dt axcis to the cecntar of ravity, F -nd 14 .eo-

~ic forecs .nd. morent o: these forcer, r-Ativo to t*he ri(:iisity7 -a:fiL. In e'quntionh

(1-) the ocordinater, % and 9 rc rocd 1rrc..- 'V:& :oziton of or~uilibr:iuxa in habnc

of aero,;7Lvj;4c forces.
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In tClO .:cuIton a. :rion th3 r _::ult,:-nt of fe~az~ciorces

in cm'e o f a tI n comztoat :Cle of ;ttock -,a:- a'--licd in th *c.trc% c..r of the

~:~(if tic: winC iz, .nr oLntedi iai orm of a Ila". A4a'a) zi- o!-uals

iLr '.sto of o',-ilibrium-in toe a c rccooi' ae a:'iyr c f o--c os3, L-lcer.(th of'

* dcqarden a ity, 7- speA of icft

*;.cnt. of :Crod-..Ac fcrceea relative to. tie ri ;idity, a:.-i c~t-3s,

* ~ ~ 1 1)1 h.1 q,~pria 0JLI I(.3),

-distance -fra~i ri-±ity ar:is t o th6 ;int of n n1.ying: h 4- e'11ivlone t ?.7

At a .variable -inzl of n attack the rmacnitudeo of the ero1y ric force. qatine

*at the Given poi!Lt *.of the~ inC, 'ic deteril~ned by inst-,ntaneous local *.r1ic f3n-k~*

which at plate vibiaticns -.4 1 !"ave the distance .zb irdan leadir.g ed egthe f ol Lowirg

Coi..equentily'... -~ lift :if ec tin(; the

4 - j *win- 7wi ibrationsi..,uals

* F- _ 1J' L.2~9 '-~s*d.-. (Crp)

:p..-L.l~c arranL'erlnt or crantiltcver --in r-dz ,ac~l. A" 11,z " "' obtdnn
secured vdzGna,,.

-III ax' aialomo'13 _aner can. als :,.be. rv.r.-mted t e 'ef ac rw 1y'r~c i'crces 14

Z Ubctitutinr, tha -Value 0? froua.(l.4in (1.-6).:e hvei

F--LbC\ to+ [6b (Z+. I)hJ

-- glff [4 jl(z + d:aj(z~-47 I
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utr. b- the i-..ft:.- l

I ois boyoad 1' *3 _..ji o:f i'itt-ation, V4.n ch~lE iof 74*:.ii x..ods- not be

C'. ~ Co eqe~-1 .cn 1cula to i..teras ir. (1.7C .-- (.3 we ~:alc~~

o Casqs...

L 1 ASZs~. tim4, z L9th.n, as -it. ca, -b3 -easileen, .

erC ~ - ~ ~uixcy or.ben.~i v.br ion.o -lie --.:;r luc -ro oin.lt

* . * . 2t1u wber3 , x -- .irk-nsioU' =zCoor,7irate of vcrti'a1 eir'42c., Ict oft~ V ia

* *.darho decictate djiffccntiation in nccor~lnce. u'hi it~sbnc: tir

-*. 6 of -the Ztru .Jr i nur.bcr, ;:-'ea Sfh 1, h conO.tioa' z ful-

.* * fi . ed overypheres. In-x adition,* in e .,-rez-sions. (1.10) ina. (1.1i) it is" ;oacilclc t6

tiicard all1 aeiber.3, -c wta ii' .- 0cr iv6tives, 0bcauze th.. a'1 i ."*11 *

4 *IdA Ve -thor bti ccimncidi-LZ 2 n

2. I~t z 0 Q 11i thi cac -"I Zoine of intco:r~atioh i' (1.7) az~ (1.3 rhrl -be di-

l*"ided .inzto tzo 1cea .0 z anlt' zo Z,1..We vwill tlien o."min

+ (~? + ~ K F ape' 102. 2- I + 2')~---20' ga

U t V(: I+S~ 90'

x Ag 0/
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eta + &

* * 11 + 2.t~~E1.:Jit(ffs ! 6 ;)- 2a~z .

* * +(. + s-(o(-e *t am

t~so(~'+*~. *I )(a ~~)ig t +,'2a

-I~~~~~~ gof(l:..~~ ''e i
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a .this racort ijs .1 i zcu,::ed oaly th-! fi:-:t a -. 4*o:-ina'.o=correr,)o. AincZ to =ru11
vtulla i .bes. Solat ion of -the prolD4 ix .or Caand u for many

rm~ticallfi..:.)ortikht ccnditiocns such a_.ro-irmt5.cu If lperfectly .zifficient.It allotus

to a:e-)lain thc-.basic essential traits 'of th hexioacnoh and the if lezue of venous

paranoters.

Wde wil1 wvnite equations (1).iria difeertan o ,slii~~a~~ti EjOtt

anld."9 nnd introciucing r-ev ie hil values*

* . Th4em we will o'tin. ~ ! ~-

2.. Daszjc resu1ts..cm :1atioks (1,4).) 1i-ve bcen :aodclel 'on te -17-7 type i..achine.

DtL **in,7, tha zaodelin in eqi tfocn (.1: liviv beeni i-Il rouccd Stuall nmr~be s.d ct c- r

:JanC osciflatior. doupino 1 1V~ ---xi-tua e of tV -co z l a a1-..-;berz,as hx "01 r e ei-

* aents'hzs p .611ay no uIfect on~twc iniAttue o. t'ie ciqa1*%rc-cd.

* Ta e:-'.nea qyztemI is onlinear mos~entytz coiit .no-. excitation dar~rA

i~~nt** -Iitiz.l state of the .-;ae~ h~.n c e critica! Clijt c:pe e values

*at flutter'd'oes take, place, w;as carried out 'at. initial cniiosX(O) 0 an

uch irtanoA~n ~~eta~~:ce of 3r. iitial deviation of the

*.Zys-tam Prom its stationaryr ztate x and.~ acter.-iAble. b~j elj~iatiom

*~ ~~- ie.at tioned initial -perturbation =~ay '~iizt~ foreap]oo acecuvb of

h lar; cl~nae in 4isped as result of ,wudAelt %.-d rust3*at? 3ir-iozinhuric turbulconce

etc, Zotca±lad investications on tlie boliavior of tho ioyrte= at v'nrious i~iti1 -,Or



turbations have =~t boen conductod in this xcperinent,ane. the vobeu i s solved cly

at zufficiently hi :h initial jolts for the ;ur.1o.-e of o:%.iaininG; the c.;'fcct of nonhi-

nearity. For o:~riple, thle caise x(O) =0; 4(0) =0 corres-norn to the rudden rija in

f Ur~sht saecd frcan n-ero toa value3 cowre,;orvdinr, to a Civbn q, %-Adchg of courseoia

praictically absolut'1-y unrealizable. It is therefore only naturally to expectg that

real value. of critical seed will be hi--her than the ones obotained in this exieri-

rent (at corrensroninC w.ins parameters),

The case of small initial d itonfran the equilibritn pwoitioh of. the ry--tem*.

in ths -.:-resence o: corod aic forces,. i~~()~x%~~ (o3- -Was -o thouhly

investi,-tcd on tV a mioelg bcdaun~e in this c:iva equations (1.1C) can be linc:ari-ed,by vwri-

ting .- .r - Xz-0 , (2.2)

~:here 'l-.nd Y.. -.re deterllned frwr equations (2.1) whichi are easily solvablo,by cban-

ina sin *P into 1.9

S+ x i (2.3)

sabstitutin6 (2.2) in (1.1.3) and considerilC .4ar as eznll values'we will ob-

tain for thewa liwcx. equations

1+ a'j1, + alioy -2q9a'x a a,) 0.1(.4

A study of sf~uations (2.4) for stability offers thc followina etuation for criti-

6al value 9,,

%ehere W? determined 'by ae.pression (2.0) at q'= q*

'ibble

6o-0.25 .gaO

~ory. Locdel Thega
Li.~~~d _____ 0a

222.0 0.7 0.55
4 8.0 6.6 1.6 1.3
52 13.0 10.8 2.1 1.7
6 - -2.7 2.3
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Accurate calculation by for:',ala (2.5) io c~aite cu.,berzcme~but np-mocLiate evn'luations

can be o.4tained eaoilysincc the v:,lue VP dependls veohly u.-on q flcoults of c~1culatina

u~ a t a 1:ha 7,~ 0.e25 for Y.,t ues LV 0 and 6 a 0e.5 are li~jted in talle. 1n this

tabule for tho ,L=3~~ of corn1arin.. are LGiven qO values obtnined on tho iviodel and

show -nC, th~i t the n~idel does quite well describe the ose illbitions in the system under

quco.tion. The observed error baris a bySter.atic nature anid is ex.)lained,most likely,

by inaccurate adjuastaieit of the nonlinear block of the nodel i'3suinf- the func-

tiipn pln?& and- also by the approc/irction of the calculation*

At [X(.ator initial deviations of the. s:'z-tem frag thc stiticnary sta-te of e qua t ion

(1.13)' io, lirncari-,,tion can be ima-ae, beause nonlincarity here leads to oosential

differences in Vt-e be havi or of the system oco:aparcd with linear theory.

Results of. inwet tina in this case,

*obtainerl on model of va-.-ious -wing'..-ara

x~ters~aC iven in fiC,.2-6.

In fi.02 is Civen tID, de: endence of c r1 - .f% Jjj~ :~
*tical value of relative prersure -q '(f lit

sperA is prorportlinal to value-)j of-

*torsional rig-idity 'of the wing,character.-

*ized by value xif or various : ozitions lrig.2.3pendence of critical viulue q upoz
torsional riLidity oA th .in at =7

of wing CG relative to tlie rioidity axis 0 for various CO positionst J= 0.I-and
=0.25, Solid curves correspond to initial

*u~ider corditions that the 'riaidity a::is conditions X(0)=014 (0) 0.1oer curve for
N 0.25; dotted curvo x(0) = zo, s)(o) a

is placed in the -comtrical center of ~'dot-dasb~curve (thteoratical) at x(0)a

the wire, ioneela 0, ')hon the CO is dis-

pl~ccd to the rear frcta the riridIity axis (%I 0.25) ,in the syrftem is obscrvod a Ie-

*culiar Oresoneencoiescritical zpoodj decreases4 in thit case#-...hen tioe frequency of

tOOrs0Iol 0Ocillations is a::,roccirmtely dotibly hiChar thAn the frc'.uency of bendina

oscillations (xiL 1* 2). nia phonoinenon is, connected. with the nonlinear qu adrstla

d ere-ndenoe of the ralue of lift vu;.on thc ancle of attacc and api;cirn only at conci-

T-6.4~11l427



de~zble deviationz of the initial Po-SitiOn Of t.he Z.-tGM J'rom. the ntationary state*

';.en the CG drawS clo.er to the riCidity a:-4.s (ezu0.1) *resonance* disaDears

a~nd critical s -eed !.ncroaess. ,hea ths, CG in shifted Ir'. a. :ozite direction of tho riC-

tWity wds flutter doer, not wiCinabe at alle.

Fic.3 ccVcs)On;-!s to the positi.on of rijility ad..-r by a dizft3lacoe 0.25 from the

cc~toroftheAn~doer to its forward odty heal CG coincides .vith Coatrical center

Of theo wirG V% 0.25) in the s:-stem is also~ obsevad Iresonanceg. '.Iien thvi CC draws

cioer to tea ri ;idity a:1si. vj. 00.) the. crit-ical speed -,mlue- rises :Irirrjly. am*. at

S0,17 -"!utter dira:-jrcars. Cn th-. othcr a~~::c CG is ,. hif'e i~n'o._ .oitoiroc-

tion QT= 0.3) critical 3rbed decreaaes On1rcso:.rnceg eisar.cars. 7ic dop n;ec

criicl so4u~o te osition- of aOi thie case tuidur consideration n4- constant

ip civenl in fice4.

f.)I II-, CG~; U-,st~~t~ 4 -5
I '2

Abr-e in ip1ramete a ichne in ma ni-

:J ~ e']tude of zadius square of v7inc inrtia)leada

i:3~cdncof cr-itical value %*u--on to r iz:12cc-e. nt o7 Ores-oraances -freq~uency, be-
the -woi -it of the wn .at torsion~ at ml~ha GM0

7. 3*~)25 "or various -ositlonz orf CG: r7777ialler a Orezconuncel occurs it Lrcat&r

U 0~2 0.2; 0. torion.A fra.-uoncy rantios to b-_undina

fr~tancy Ci.5. e:onjncc bocon.ez mov -aouct, here. t~et avle

o2z.nance" elitca 2en. 0-11irely (cozen 10)0

I:. ( f:.6)i.; Giv.2n the do -P&udnoo qUpon Ai2 in case ,!,wn tho riC:i~ity a~zia is

:hiVted by a Ckizt.no6 a 0.25 towam!d the trail~nrc ai- of the %inre

2-4.1W-6 -01/18



Of'; rV. 25P U~o o,LninC

FiC5,-eWec of crtia valuel ql
ofv- .,-dt 'e ofrio cteff~st a2 untriai cbseve

0,2 nrd& 0,25 !'o 0.2ious value0s nd .

the~~~ efL..L.A of tusis~ con the mriue fcitical peva1hc flttr es ta

-7i~.ecmenof o citicnsal nsueh a oeq aetef1o

of fruela_- r eative tuon tr ccjillirvod.

ofosition, to -. In;WAt ofi suspersicnt Aa Loiv tg

te neif titi we as omate ian~d ofV crtia sp10tic lte de a~

tlhe. i-i this case t as usn;ie a win rodte1im ina~

~~1aticn.~~i-.-p3 ofd ofila~n of;n( vuch fuse.av tefo'a

o uae of latical to tar orui11briie

poit, C rii y of- VauspeJ.1..nznin.~ ~ o.te U ls- ai

lc0 c V.aa2. ( et ata02 oFr. .oults zho.;es 4 I

tcrtithi e wthe cnidrtio of the z.Ac a-fu-I1, ece. -r n-rj

7if7.i:pcid nemo intiteO
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